The aim of this study is to evaluate the contribution of bacteroid proline catabolism as an adaptation to drought stress in soybean plants. To accomplish this, soybeans {Clycine max L. Merr.) were inoculated with either a parental strain of Bradyrhizobium japonicum which was able to catabolize proline, or a mutant strain unable to catabolize proline. A large strain-dependent difference in nodule number and size was observed. In order to separate inoculant-dependent effects on nodulation from effects on bacteroid proline catabolism, plants inoculated with each strain were only compared to other plants inoculated with the same strain, thus removing the observed inoculant-dependent differences in nodulation as a bar to interpretation of the results. This experimental design allowed a comparison of the drought penalty on yield for plants with parental bacteroids and for plants with mutant bacteroids. The two results were then compared to each other in order to evaluate the impact of the ability of bacteroids to catabolize proline on the response to drought stress.
Introduction
Based on high levels of proline synthesizing activity in host cell cytosol of soybean nodules and on high proline oxidizing activity in bacteroids compared to host cell mitochondria, Kohl et al. (1988) proposed that proline entering bacteroids from the host cell might be important as an energy source for N 2 -fixation. The hypothesis requires that one of the products of pyrroline-5-carboxylate (P5C) reduction, proline, be imported into bacteroids where it is dehydrogenated. Zhu et al. (1992) showed that proline supplied to soybean plants growing in the greenhouse stimulated acetylene reducing activity (a proxy for nitrogenase activity) to an equal extent as did the same quantity of succinate or glutamate. [U-14 C] proline and [5-3 H] proline were fed to intact plants in separate experiments and the radioactive products in the nodule host cytosol and bacteroids identified. [U-14 C] proline and [5-3 H] proline were found in the bacteroid. Recovery of 3 H proline in bacteroids of plants fed [5-3 H] proline precludes the possibility that labelled proline was synthesized in the bacteroid from labelled glutamate, or some more oxidized metabolite, imported from host cytosol; the only precursor which could possibly retain 3 H being P5C. Twentyfour hours after irrigating with a proline solution, bacter-oids from proline-treated plants had about 8 times the amount of free proline as did bacteroids from plants supplied only water, despite an increase in the activity of bacteroid proline dehydrogenase (ProDH), the enzyme catalysing proline catabolism. This activity increased to 197 + 22% of control 24 h after proline feeding. These results indicate that, in intact soybean plants, proline is imported into bacteroids and metabolized there at rates sufficient to have a physiological effect, even though proline has been reported to cross the peribacteroid membrane at a slower rate than does succinate or malate in isolated peribacteroid units (symbiosomes) Day et al, 1990 ). These results, summarized above, are consistent with proline being a candidate for supplying energy to soybean bacteroids.
Two similarities in the response of soybean nodule proline metabolism to proline feeding (Zhu et al, 1992) and to drought stress are (i) proline accumulates in nodule host cytoplasm and bacteroids and (ii) bacteroid ProDH activity increases. Twenty-five and 55-d-old greenhouse-grown soybean plants deprived of water for 2 d were visibly wilted (midday leaf water potential about -2 MPa, compared with about -1 MPa for well-watered plants) and had severely decreased acetylene reducing activity (less than 11% of control activity). Recovery was rapid, with acetylene reducing activity returning to 55% (25-d-old plants) and 70% (55-d-old plants) of control activity only 4 h after rewatering. When drought-stressed, proline concentration increased by a factor of about 4 in both host cells and bacteroids of nodules from 55-d-old plants, in the face of an increase in bacteroid ProDH activity (160% of control). Drought was only one of several examples in which ProDH activity was maintained or increased in bacteroids isolated from nodules of environmentally stressed soybean plants (Kohl et al, 1994) . For example, when soybean plants were grown in an atmosphere of 80% Ar and 20% O 2 , bacteroid proline dehydrogenase activity was 170 + 39% higher than that of bacteroids from plants grown in air .
The finding that imposition of stress, resulting in decreased N 2 -fixation in soybean nodules, also resulted in elevated levels of proline and enhanced bacteroid ProDH activity led to our present hypothesis that proline dehydrogenation may play a special role in providing energy for maintenance and protection of the soybean bacteroid N 2 -fixing machinery under conditions unfavourable to its activity (Kohl et al, 1994) . This hypothesis is supported by recent findings of Pedersen et al. (1996) who isolated symbiosomes and bacteroids under an atmosphere of N 2 (motivated by the well-known irreversible poisoning of nitrogenase by O 2 and the possibility of O 2mediated membrane damage) from soybean nodules of control and drought-stressed plants. They found that proline crossed the symbiosome membrane at a faster rate when plants were drought-stressed than when they were not. Furthermore, 5 mM proline supported 8 times more N 2 -fixation by bacteroids isolated from droughtstressed plants than from well-watered plants. When malate was the substrate, drought stress had no effect on the rate of uptake across the symbiosome membrane or on the rate of N 2 -fixation by bacteroids. If enhanced proline catabolism in response to stress were to increase the probability of bacteroid survival until conditions improve enough to support N 2 -fixation or hasten the onset of N 2 -fixation as environmental conditions improve, this metabolic response would have considerable adaptive value since field-grown soybeans are subjected to drought and other stresses almost every day during the growing season.
In order to investigate this hypothesis, a site-directed proline catabolic mutant of Bradyrhizobium japonicum was constructed, in which the gene for ProDH {putA) was interrupted by insertion of a kanamycin cassette (Straub et al, 1996) . With this mutant, the significance, in terms of soybean seed yield, of the ability of bacteroids to catabolize proline in plants subjected to repeated water stress throughout the growing season was investigated.
Materials and methods

Chemicals, microsymbiont strains, and microsymbiont growth medium
Chemicals were obtained from Sigma (St Louis, MO). B. japonicum, strain JH (a spontaneous rifampicin-resistant mutant derived from strain USDA 110) (Graham et al, 1984) is able to catabolize proline (ProDH + ). This strain served as parent for gene-directed mutagenesis oi putA (the ProDH gene) by insertion of a kanamycin resistance cassette into putA (Straub et al, 1996) . The resultant mutant (KL32) is unable to catabolize proline (ProDH"). Bacteria were grown in yeast extract/mannitol medium (YEM) (Dalton, 1980) supplemented with the appropriate antibiotics (lOO/xgml" 1 rifampicin for B. japonicum strain JH; 100 ^g ml" 1 rifampicin and 100 /*g ml"' kanamycin for B. japonicum strain KL32).
Plant material and plant culture
Soybean (Glycine max L. Merr., cv. Williams 82) seeds were planted in 20 cm pots filled with Hi Dry (Waverly Minerals Corp., Bala Cynwood, PA), a calcined clay (0.058 ±0.008 mg Ng" 1 by Kjeldahl analysis). Six seeds were planted per pot. Seedlings were thinned to one per pot by 15 d after planting. Supplemental illumination (800 /xE at plant height) was provided. Plants were fertilized with a nitrogen-free mineral medium (Fishbeck et al, 1973) . In the first two experiments (described below), half of the seeds were inoculated with a dense culture of the ProDH + strain and half with the ProDH" strain. In the third experiment, each plant was inoculated with a total of about 10 9 B. japonicum cells (half of the plants with the ProDH + strain and half with the ProDH" strain) applied over a 2-week period (0, 5, 10, and 14 d after planting). Southern blots of DNA from bacteroids in nodules harvested 62 d after planting indicated no cross contamination between strains (data not shown). 
Expenments to determine seed yield
Each of the three experiments was of the same 2x2 factorial design; namely, inoculation of soybeans with one of two symbiont strains (ProDH + or ProDH") with plants subjected to one of two water regimes (well-watered and repeated drought-stressed). There were 30 replicate plants in each treatment (plus additional plants for nodulation experiments described below). Because of a noticeable north/south temperature gradient in the greenhouse (with the north end of the benches often being several degrees cooler than the south end), the layout of the third experiment was designed to detect position effects. The plants occupied two benches with four north/south rows per bench, and 20 pots per row. Rows of pots inoculated with the parental bacteria alternated with rows of plants inoculated with ProDH" mutant bacteria. Half of the pots in each of the four treatments were located on the south end of the bench and half on the north end. (There was no significant east/west temperature gradient.) No position effects were revealed by statistical analysis of the data (data not shown).
After nodulation was well established (at the times indicated in Table 1 ), plants inoculated with parental and mutant bacteria were separated into two groups each. One group was maintained in a well-watered state. The other was subjected to repeated drought stress by withholding water until the plants were visibly wilted and then irrigated. The well-watered group was watered every 2-3 d, depending on the weather. This regime typically resulted in a mid-morning leaf water potential prior to rewatering of about -1 MPa, as measured by dew point psychrometry (HR 33Y Dew point microvoltmeter with thermocouple psychrometers; Wescor, Inc. Logan UT) or by pressure chamber measurements (Model 1000, PMS Instrument Co., Corvalis, OR). The aim of the first two experiments was to subject the plants to mild water stress, while the aim in the third experiment was to subject plants to a more severe water stress. In all experiments, the decision to rewater droughtstressed plants was based on visual observation of wilting, verified by a measurement of leaf water potential as described below. In the first two experiments, plants were watered when the uppermost leaves were just visibly wilted in the morning. Pressure chamber measurements on leaves (third trifoliate leaf below the uppermost fully expanded leaf) from a series of plants with different degrees of stress indicated that the level of stress used in experiment 1 corresponded to a mid-morning leaf water potential of about -1.5 MPa, and about -1.8 MPa in experiment 2. In the third experiment, water was withheld until most leaves showed signs of wilt. This level of stress corresponded to an average mid-morning leaf water potential of Bacteroid proline catabolism and drought 1301 about -2.2 MPa (by dew point psychrometry). Important features of the experiments are summarized in Table 1. N content of seeds was determined by Kjeldahl digestion, followed by distillation of the digest and titration of the distillate (Bremner, 1965) .
Nodulabon studies
In order to investigate whether infection sites were saturated by the inoculum, inocula of three densities were used. Inoculation treatments were: 'full strength', in which seeds and seedlings were inoculated with the same culture used for the seed yield experiment and at the same concentration and times after planting; 'half-strength' and 'quarter-strength' in which the same inoculum was used at the same times after planting, but cells were diluted with YEM medium by half and by threequarters, respectively. Nine plants were included in each inoculation treatment. These plants were not water stressed. They were harvested 35 d after planting, nodules removed, counted, washed, blotted dry, and weighed.
In addition, four plants per treatment were harvested from extra plants in the third experiment 41 and 62 d after planting for measurement of nodule number and weight, as above. The purpose of these measurements was to determine the effect of microsymbiont strain and water regime on nodulation.
To confirm the unexpected observation of strain effects on nodulation, described below, three further experiments were done. Both parent and mutant cultures contained rifampicin (100 ^g ml ~1), while only the mutant culture contained kanamycin (100 /xg ml ~1). To determine whether the difference between strains in nodule number and weight per nodule resulted from the presence of different antibiotics in the inoculum, half of each culture was centrifuged at lOOOOg and resuspended in YEM containing no antibiotics to the same cell density as unwashed cells. Plants were inoculated with washed and unwashed cultures of each strain (about 10 9 cells per pot applied 0, 6, 10, and 13 d after planting) with six replicates per treatment. Plants were harvested 35 d after planting and nodules were removed, counted, washed, blotted dry, and weighed. No significant differences were observed between washed and unwashed cells in the number of nodules per plant or mg fresh weight per nodule (data not shown). This being the case, data on nodules from plants inoculated with washed and unwashed cells were pooled for comparing the two strains (n= 12 for each strain). In the other two confirmatory experiments, there were only two treatments; inoculation with washed cells of the parental or mutant strain (six replicates per strain). Plants were harvested 36 d and 35 d after planting. " Methods for estimating leaf water potential are described in the text.
Results and discussion
Dependence of nodulation on microsymbiont strain
In order to compare directly the effect of the ability of bacteroids to catabolize proline on the productivity of plants inoculated with ProDH + and ProDH" microsymbiont strains, it is necessary that nodulation by the two strains be equally effective. We reasoned that this condition would most likely be met if nodulation sites were saturated by the two strains. In accordance with this logic, 27 plants per strain were inoculated with a total (when full-strength inoculum was used) of about 10 9 cells applied over a 2-week period. Nine plants were inoculated with full-strength culture, 9 with half-strength and 9 with quarter-strength. Plants, all well-watered, were harvested 35 d after planting. The results are presented in Table 2 .
Since decreasing the inoculant density by 75% did not decrease the number of nodules formed as a result of inoculating with either parental or mutant strain, the inoculation was judged to be saturated. The surprising result was that approximately twice as many nodules were formed when the ProDH" mutant was used as inoculum compared with parental ProDH" 1 " strain. In general, the larger average size of the nodules induced by the parental organisms tended to compensate for their smaller numbers. The inverse relationship of number and size resulted in the absence of a large and consistent significant difference in the nodule fresh weight per plant, although in one case (quarter-strength inoculum) the difference in the nodule fresh weight per plant was significant. Even in this case, the percentage difference in nodule number per plant (80%) was considerably larger than was the difference in fresh weight per plant (23%). This tendency for nodules to be larger when they are less numerous has been established for many years. In their summary of eight papers published between 1925 and 1930 , Fred et al. (1932 wrote that 'the more effective strains (of infecting bacteria) produce few, but large nodules usually located on the upper parts of the root system, whereas ineffective strains form numerous small nodules widely distributed over the root system'. Note also that despite the relatively large sample size and the apparent consistency of the inoculation technique, the coefficients of variation se \ CV= 100 -are high, of the order of 10-15% mean value/ (mean CV for nodule number = 11.9± 1.2%). This variability is consistent with variation in nodule number reported by others. For example, CVs calculated from data of Halverson and Handelsman (1991) for soybean nodule numbers in growth chamber experiments (19 treatments, 5 replicates per treatment) had a mean value of 12.5 ±4.9%.
A subset of four plants/treatment from experiment 3 were harvested for further nodulation studies at 41 d and 62 d after planting. The results from these harvests (Table 3) , for both the well-watered and drought-stressed plants, were qualitatively the same as those described above for plants harvested 35 d after planting (Table 2) ; namely, there was a significantly larger number of nodules on the plants inoculated with the mutant strain, but their mass was smaller, with the result that there was no significant difference in the total mass per plant between nodules infected with parental or mutant strain.
The difference between mutant and parental strains in nodulation was unexpected. In view of the fact that the mutation was site directed, it was anticipated that it would affect only ProDH activity. To test the generality of the result, three subsequent experiments, described in 'Materials and methods' were conducted. In all experiments, there were more nodules on plants inoculated with the mutant strain (12-23%) and the mass per nodule was less (13-26%). However, the effects were smaller than those reported in Tables 2 and 3, and the level of statistical significance was smaller, there being a significant difference in each parameter in only two of the three experiments.
While we have no hypothesis about the underlying causes of the pleiotropic effect of inoculating with a ProDH" mutant other than to speculate on a possible regulatory role for ProDH, the observation is not unique. In a recent paper, Jimenez-Zurdo et al. (1995) comment that inoculation with a ProDH" mutant of Rhizobium meliloti resulted in fewer nodules (they did not show data) than did inoculation with the parental strain. This is in direct contrast with the observation here of more nodules resulting from inoculation with the mutant strain. Rhizobium meliloti mutants unable to catabolize prolinebetaine also formed fewer nodules than were found on the root systems of plants inoculated with the parental strain (Goldmann et al, 1994) . In nts mutants of Glycine max, the so-called supernodulating mutants with a defect in the autoregulatory signal which limits nodulation, not only were more nodules formed on the nts mutant cultivar, but many other nodule parameters were affected, e.g. mass per nodule, haem content per nodule, bacteroid number per nodule (Day et al, 1987) . Differences in these parameter values for nodules on the two cultivars decreased markedly when the quantity of inoculum was decreased from 10 9 to 10 3 bacteria per pot. We have also observed changes in nodulation pattern depending on the method of plant cultivation. When the 'Leonard jar' technique (Gibson, 1980) was used, no differences in nodule number were observed (data not shown). Clearly, more work is required to reveal the underlying basis for the pleiotropic effect of a ProDH ~ mutation on nodulation pattern. Table 4 gives seed yield (g dry weight per plant) and seed N yield for the three experiments. Because seeds were dried on the plant before harvest, as they would be for commercial harvest, there was little difference between seed fresh weight and dry weight (data not shown). Notice that the coefficient of variation of seed yield was only about half that for nodule number and fresh weight (Table 3) . In experiment 2, the well-watered plants inoculated with the mutant strain had a highly significantly greater yield than did well-watered plants inoculated with the parent strain (P<0.001). However, in experiments 1 and 3, the seed yields from well-watered plants inoculated with the two strains were not significantly different from each other (P = 0.239 and 0.452, respectively). Taking all three experiments into consideration, these comparisons offer no consistent evidence that well-watered plants inoculated with the ProDH" mutant B. japonicum produced higher yields than did those inoculated with the parental strain. A 2 x 3 ANOVA (2 strains, 3 replications) on seed yield of well-watered plants shows a large main strain effect (P = 0.0l) and an even larger strain x replication interaction (P = 0.003) (ANOVA not shown). Both results are due to the significantly large parental versus mutant difference that occurs in wellwatered plants in experiment 2 only. In general, whenever two variables in an ANOVA have a significant interaction, then their main effects are complex averages of differences over inhomogeneous states. In such a case, no special significance can be assigned to the estimated value of the main effect itself since it will be a function of the relative sample sizes corresponding to the inhomogeneous states (Box et al, 1978) . Thus, the ANOVA results are consistent with the above conclusion. More importantly, the fact that inoculation with the parental and mutant strains gives rise to different nodule numbers compromises the ability to attribute any observed seed yield differences between them to proline catabolism. Given the large CV for nodule mass (Tables 2,3 ) and the absence of an accurate conversion from nodule mass to nitrogenase activity, nodule mass cannot be used to normalize the results. Relative nodule number would provide an even less reliable normalization factor. For example, nodules on the so-called supernodulating nts mutants of Glycine max, were more numerous and had a greater mass per plant than nodules on wild-type plants (Day et al, 1987) . Despite this, they fixed less N than did nodules on wildtype plants. In addition, the smaller nodules had a smaller ratio of infected volume to total volume (Day et al, 1987) . Hence, strain-dependent variation in nodulation prevents us from interpreting observed seed yield differences between either well-watered plants inoculated with parental versus mutant bacterial strains (WP versus WM, Table 4 ) or drought-stressed plants inoculated with the two strains (SP versus SM, Table 4 ). However, the differential impact of inoculum strain on yield decrease resulting from drought stress (middle panel, Table 4 ) can be compared. Note that in this case the only comparisons made are between yields of plants inoculated with one or the other bacterial strain. For example, yields for plants inoculated with parental bacteria are compared only to other plants inoculated with the same culture, in the same manner and at the same time, and later separated into two groups, one of which was maintained in the well-watered state, while the other was repeatedly drought-stressed. The difference in the two groups of plants being compared (well-watered, parental versus drought-stressed, parental) is independent of the strain used for inoculation (since only one strain is involved). This comparison allows us to assess the drought penalty on yield (or other parameters) for plants with bacteroids derived from the parental strain. The same comparison can be made for plants with mutant bacteroids. These two results may then be compared in order to evaluate the differential impact of inoculum strain on the response to drought stress.
Differential impact of drought stress on seed production exhibited by plants inoculated with microsymbionts able and unable to catabolize proline
In experiments 1 and 2, our intention was to subject the plants to mild stress. The decrease of 12.2 ±5.0% and 9.6 ±5.5% in seed yield, respectively, as a result of withholding water systematically from plants inoculated with the parental strain, confirms success in meeting this goal (Table 4 ). The important result is that plants inoculated with the ProDH" mutant suffered about twice the decrease in seed yield; 25.3 ±4.7% versus 12.2 ±5.0% in experiment 1 and 17.9 ±3.2% versus 9.6 ±5.5% in experiment 2. Experiments 1 and 2 may be regarded as replicate experiments since the intention to subject one-half of the plants to mild drought stress was successfully realized. It is, of course, necessary to test statistically for the significance of the apparently 2-fold greater impact of mild drought stress on the yield of plants inoculated with mutant bacteria versus those inoculated with the parental strain. Note, however, that the mathematical functions which describe the differential percentage decrease in yield as a result of the plants being subjected to mild drought / WP\ stress, namely, 100 x 1---versus 100 x \ spy WM\ \--~rr SM / are not linear. For this reason, it is not accurate to assign a /"-value based on a Student /-distribution to the probability that the apparent strain-dependent differential impact on seed yield, noted above, is due to chance alone.
One statistically valid approach for comparing ratios is to do a logarithmic transformation of the data and perform an ANOVA on the transformed data. Linear expressions of the log transformed data can be used in a statistically rigorous manner to compare ratios derived from the untransformed data. [A detailed description of an approximate error estimator for ratios, including alternative procedures and presentation of the results, may be found in Chapter 6 of Cochran (1977) ].
An ANOVA was done for the log-transformed data on a 2 3 factorial design in which the factors were strain (parental, P, and mutant, M), water regime (well-watered, W, and drought-stressed, S) and replication (2 replicate experiments, 1 and 2) with 30 observations per cell (Table 4 ). In this design, the P-values calculated by ANOVA for each of seven main and interaction effects are essentially Student Mests based on comparing a 'contrast' for that effect with an estimator of the model residual error (Montgomery, 1991) .
The ANOVA shows a highly significant main water regime effect, as expected from the well-known decrease in yield resulting from drought stress. The highly significant main strain effect, and the even more highly significant strain x replication effect, are most likely due to the elevated mutant versus parental differences in wellwatered plants that occurred only in experiment 2 (see discussion above). This difference is controlled for in our design.
The effect of interest in our case is the strain by water regime interaction. The contrast for this effect is [log(WP)-(log(SP)]-[log(WM)-log(SM)] = log r WP/SP (Montgomery, 1991) , where each term indi-|_WM/SM_ cates the average of the log-transformed data for that combination of factor levels. This contrast is significant with the data here (i>=0.012) (Table 4 ). This confirms that the observed approximately 2-fold greater impact of mild drought on seed yield from plants inoculated with mutant bacteria compared to the yield penalty paid by Bacteroid proline catabolism and drought 1305 plants inoculated with the parental strain (noted above) is significant.
In the third experiment, with the imposition of more drastic drought stress, the seed yield decrease was the same in plants inoculated with both parental strain (able to catabolize proline) and the mutant strain (unable to catabolize proline). Seed yield in the third experiment was higher than in the first two, but this has no bearing on the interpretation of the results since all comparisons were internal within each experiment. Differences in average light and temperature in the greenhouse provide the most probable explanation for variability in yield of wellwatered plants inoculated with parental bacteria in experiments 1 and 2 versus experiment 3. Plants for experiment 1 were grown during an exceptionally rainy spring and summer (with concomitant lower insolation). The seed yields in experiment 1 were comparable to those in experiment 2 in which plants were grown during winter to early spring. Conditions for experiment 3 clearly favoured higher yields.
The fact that severe stress overwhelms the moderate protective effect of bacteroid proline dehydrogenase is not surprising, since many biochemical and physiological responses in the host plant vary with the degree of stress (Table 1 in Hsiao, 1973) . For example, Gogarcena et al. (1995) reported that severe drought stress induced oxidative damage in pea root nodules. Moreover, severe drought will result in net photosynthate production being markedly less than it is in mildly droughted plants, as a result, in part, from greater stomatal closure. Thus, the total reduced carbon available for plant growth, as well as for N 2 -ftxation, will be severely decreased. Under that circumstance, it would matter very little whether the N 2 -fixing machinery were better protected or not. In addition, there can clearly be a level of injury to the N 2 -fixing machinery in the bacteroid by severe drought which cannot be remedied by the availability of additional reduced carbon skeletons.
Since soybeans are fed to livestock as a high protein supplement, seed N yield is at least as important as dry matter yield. Nitrogen content (Kjeldahl) was determined on seeds from all plants in the first experiment, and on seeds from eight randomly selected plants per treatment from the third experiment. The results for N content (Table 4 ) follow the same pattern as dry matter yield; namely, under conditions of mild repeated water stress, the drought penalty of plants inoculated with the proline catabolic mutant was roughly twice that of plants inoculated with the parent strain (P = 0.045), but under conditions of severe stress, there was no strain-dependent difference in response to stress. The similarity in the pattern of response between dry matter yield and N yield was a reflection of the small variation in percent N across treatments. The percentage N was 5.22 + 0.02% in the first experiment, and 6.12 + 0.03% in the third (data not shown).
As expected, the number of seeds decreased sharply in response to drought (Table 5 ). The range of the decrease in seed number in the experiments was between 30% and 46%. It is interesting to note that the percentage decrease in seed number was approximately the same in all three experiments, despite the fact that in experiment 3, plants were subjected to a much higher level of water stress (as indicated by seed yield). In the first and third experiments, the percentage decrease in seed number in response to drought was significantly greater in plants inoculated with the mutant microsymbiont than in plants inoculated with the parent strain (P = 0.0l\ and 0.032 for the first and third experiments, respectively). But this strain dependence was not systematic, as there was no significant difference in percentage response of seed number to drought in the second experiment.
In all experiments, seeds from droughted plants were significantly larger than seeds from well-watered plants ( Table 5 ). This response is consistent with results of an experiment with 16 cultivars of field-grown soybeans under different irrigation regimes (Kadhem et al., 1985) . In that experiment, there was an inverse relationship between seed number and seed size, with the unirrigated soybeans having significantly fewer seeds of significantly larger size than seeds from plants irrigated several times during the growing season. It would seem that allocating more biomass to fewer seeds may be an adaptive response to water stress in soybeans. However, under severe drought conditions, plants were less able to compensate for the smaller number of seeds by having a larger mass per seed than under mild conditions of stress.
Conclusions
Roots inoculated with a gene-directed, knockout mutant of ProDH had more and smaller nodules than did roots when the parental strain was used for inoculation. While there is ample precedent for nodules being smaller when there are more of them (Fred et al., 1932) , we have no hypothesis to suggest as explanation for the pleiotropic effects of the ProDH ~ mutant strain on nodule characteristics.
The most important result reported here is that mildly drought-stressed soybean plants whose root nodule bacteroids were able to catabolize proline suffered a smaller decline in seed yield than did plants inoculated with the ProDH" mutant. When water stress was mild, resulting in a decrease in seed yield of about 10%, soybean plants whose bacteroids were unable to catabolize proline suffered twice the decrease in seed yield as did plants whose bacteroids were able to catabolize proline. However when stress was severe enough to cause a seed yield decrease of about 35%, there was no significant straindependent difference in drought imposed seed yield decrease. These results suggest that the ability to catabolize proline may provide an agronomically significant adaptation to stress when stress is modest, but that the advantage from the ability to catabolize proline will be overwhelmed when plants are severely drought-stressed. By interpreting the results in this way, we do not intend to suggest that engineering Bradyrhizobium japonicum to overexpress ProDH is likely to lead to agronomically significant yield increases. Rather, we mean to suggest that providing bacteroids with the machinery to increase the flux of proline from cytosol into bacteroids might decrease the impact of modest drought stress on seed yield. The reported absence of a proline carrier in the peribacteroid (symbiosome) membrane might contribute to the overall rate limitation of proline dehydrogenation in bacteroids. If this is the case, then modifying the plant genome by inserting such a carrier might have the desired result; namely, an increased rate of proline dehydrogenation in bacteroids during times of modest drought stress. Additional molecular experiments to determine whether ProDH transcription is regulated by stress are in progress to help in assessing the importance of bacteroid proline catabolism as an adaptive response to drought.
